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A B S T R A C T
Pathogen infection can activate multiple signaling cascades that ultimately alter the abundance of mol-
ecules in cells. This change can be measured both at the transcript and protein level. Studies analyzing
the immune response at both levels are, however, rare. Here, we compare transcriptome and proteome
data generated after infection of the nematode andmodel organism Caenorhabditis eleganswith the Gram-
positive pathogen Bacillus thuringiensis. Our analysis revealed a high overlap between abundance changes
of corresponding transcripts and gene products, especially for genes encoding C-type lectin domain-
containing proteins, indicating their particular role in worm immunity. We additionally identiﬁed a unique
signature at the proteome level, suggesting that the C. elegans response to infection is shaped by changes
beyond transcription. Such effects appear to be inﬂuenced by AMP-activated protein kinases (AMPKs),
which may thus represent previously unknown regulators of C. elegans immune defense.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
The innate immune system acts as an early line of defense against
microbial infection in all animals. It relies on recognition of microbe-
or damage-associated molecules by so called pattern recognition
receptors (PRRs), followed by activation of multiple signaling cas-
cades that ultimately alter the abundance of molecules in cells. The
study of these changes by “omics” technologies has greatly en-
hanced our understanding of the molecular mechanisms that
determine defense responses against potential pathogens. The clas-
sical examples include gene expression analysis using microarrays.
Already 13 years ago, the study of transcriptional changes caused
by colonization of germ-free mice with Bacteroides thetaiotaomicron
revealed a wide impact of the bacteria on fundamental intestinal
functions (Hooper et al., 2001) and led to the discovery of
angiogenins as a family of endogenous antimicrobial proteins
(Hooper et al., 2003). Similarly, the early microarray studies of the
Drosophila immune response demonstrated the central regulatory
role of the Toll and Imd signaling cascades (Boutros et al., 2002; De
Gregorio et al., 2001, 2002; Irving et al., 2001). In addition to tran-
scriptional responses, pathogen infection also causes changes at the
protein level. These can be a direct consequence of transcription and
translation. However, many proteins additionally undergo post-
translational modiﬁcation and/or are at some time point degraded
(Chen et al., 1995; Izzi and Attisano, 2004; Mukhopadhyay and
Riezman, 2007). Ten years ago, the ﬁrst proteome analysis of the
D. melanogaster immune response allowed identiﬁcation of previ-
ously unrecognized putative immune response factors (Vierstraete
et al., 2004). Likewise, early proteome analysis of human immuni-
ty newly identiﬁed cellular targets of viral immune modulators
(Bartee et al., 2006). Surprisingly, transcriptome and proteome anal-
yses undertaken in the same study systems often report only little
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congruence among the differentially regulated genes and proteins
(Ghazalpour et al., 2011; Gygi et al., 1999; Ragno et al., 2001; Scherl
et al., 2006; Vogel and Marcotte, 2012), suggesting either techno-
logical biases and/or a biologically relevant difference. Hence, further
work is essential to characterize the relationship between the
transcriptomic and proteomic signatures of immune defense.
The nematode Caenorhabditis elegans is widely used as a pow-
erful model for studying innate immunity, especially because of its
amenability to genetic manipulation, its susceptibility to a number
of human and animal pathogens, and its conserved immune sig-
naling pathways (Kurz and Ewbank, 2003; Marsh and May, 2012).
Similarly to other model systems, transcriptome analyses have
become a central ﬁrst step for elucidating pathogen-induced re-
sponses in C. elegans. For example, the importance of the DBL-1/
TGFβ pathway in C. elegans immunity was uncovered through a
microarray gene expression analysis upon Serratia marcescens in-
fection (Mallo et al., 2002). Moreover, NLP-29 and NLP-31 were
identiﬁed as members of a new family of antimicrobial peptides via
microarray analysis after infection of C. elegans with the fungus
Drechmeria coniospora (Couillault et al., 2004). Transcriptomic anal-
ysis of the C. elegans response to Pseudomonas aeruginosa infection
revealed a conserved role of the GATA transcription factor ELT-2 in
regulating epithelial innate immune responses (Shapira et al., 2006).
In contrast to the numerous transcriptome analyses (more than 30),
only a few studies characterized the C. elegans immune response
at the protein level (Bogaerts et al., 2010; Couillault et al., 2012;
Simonsen et al., 2011; Treitz et al., 2015; Ziegler et al., 2009). None
of the current proteome studies included a comparison with the cor-
responding transcriptomic response to pathogens.
In this study, we compared newly generated transcriptome results
with recently published quantitative proteome data (Treitz et al.,
2015) generated after infection of C.elegans with the Gram-positive
pathogen Bacillus thuringiensis (BT). Based on this comparison, our
aim was to characterize the functions that associate with changes
of transcript and protein abundances upon pathogen infection. For
our approach, we used the same worm and pathogen strains, in-
cluding the standard C. elegans laboratory strain N2 and the
nematocidal BT strain MYBT18247. Previous functional genetic char-
acterizations and microarray-based gene expression analyses
revealed that the nematode’s defense against this particular BT strain
is inﬂuenced by the insulin-like signaling cascade and lysozymes
(Boehnisch et al., 2011; Hasshoff et al., 2007; Wang et al., 2012).
Moreover, defense against the Cry5B toxin expressed by another ne-
matocidal BT strain relies centrally on glycolipid receptors in the
intestine and signaling by the JNK MAPK pathway (Griﬃtts et al.,
2005; Kao et al., 2011). We here re-assessed the nematode’s
transcriptomic response to MYBT18247 using RNA-Seq. The results
were compared to recently published quantitative proteomics data
that were acquired by isobaric labeling (iTRAQ) in combination with
LC-MS/MS analysis (Treitz et al., 2015). Using these data sets, we
asked which functions are enriched in the overlap between
proteomic and corresponding transcriptomic response, and which
ones in the unique signature of the proteome data.
2. Materials and methods
2.1. C. elegans and bacteria strains
The C. elegans Bristol N2 strain was used in all experiments.
Worms were generally maintained at 20 °C on nematode growth
medium (NGM) inoculated with the Escherichia coli strain OP50, fol-
lowing standard procedures (Stiernagle, 2006). For the infection
experiments, worms were exposed to the nematocidal BT strain
MYBT18247. As controls, we used the non-nematocidal BT strains
DSM 350 (proteome study) and 407 cry- (transcriptome study) with
equivalent avirulent effects in C. elegans.
2.2. Proteomics
Proteins were extracted 12 h after initial exposure for three rep-
licates per treatment, followed by tryptic digestion, isobaric labeling
and analysis by 2D-LC ESI MS/MS (Treitz et al., 2015). Quantitative
results of log2 transformed iTRAQ-protein ratios describing the con-
dition pathogenic/non-pathogenic BT were tested against all log2
transformed control-ratios of biological replicates in the same iTRAQ
experiment using the two sided Welch’s t-test. To adjust for mul-
tiple testing, p-values were corrected by permutation based FDR
approach with 1000 randomizations. Protein groups with log2 ratios
of at least ±0.485 (which corresponds to iTRAQ-ratios ≥ 1.4 or ≤ 0.71)
with FDR-corrected p-value = q ≤ 0.05 were considered to be dif-
ferentially expressed. See Treitz et al. (2015) for more detailed
information.
2.3. Transcriptomic analysis by RNA-Seq
Spore-toxin mixtures of MYBT18247 (1.6 × 1010 particles/ml) and
spore cultures of 407 cry- (1.8 × 1010 particles/ml) were mixed at a
ratio of 1:2 and 1:10 with E. coli OP50, which was grown in LB at
37 °C overnight and suspended in PBS with a ﬁnal OD of 5. 250 μl
of the B. thuringiensis-E. colimixture, or E. coli alonewas then pipetted
onto the center of a 9 cm peptone-free nematode growth medium
(PFM) plate. The inoculated PFM plates were left overnight at 20 °C
to dry. On the day of the infection, worms synchronized at the fourth
instar larval (L4) stage were washed off NGM plates with phos-
phate buffered saline (PBS), added to the assay plates by pipetting,
and incubated at 20 °C. Three replicates were used per treatment.
At the respective time points (6 h and 12 h after initial exposure),
worms were washed off the assay plates with PBS containing 0.3%
Tween20®, and subsequently centrifuged. The worm pellet was re-
suspended in 800 μl TRIzol® (Life Technologies) reagent and worms
were broken up prior to RNA extraction by treating the worm sus-
pension ﬁve timeswith a freeze-and-thaw cycle using liquid nitrogen
and a thermo block at 45 °C. RNAwas extracted using a NucleoSpin®
miRNA extraction kit (Macherey-Nagel), treated with DNAse, and
stored at −80 °C. RNA libraries were prepared for sequencing using
standard Illumina protocols. Libraries were sequenced on an Illumina
HiSeq™ 2000 sequencing machine with paired-end strategy at read
length of 100 nucleotides. The raw data are available from the GEO
database (Barrett et al., 2013; Edgar et al., 2002) under the GSE
number GSE64401.
RNA-Seq readsweremapped to the C. elegans genome (Wormbase
version WS235; www.wormbase.org) by Tophat2 (Kim et al., 2013)
using option –b2-very-sensitive, other default settings, and without
a transcriptome reference. Tophat2 aligns RNA-Seq reads to a genome
based on the ultra-fast short read mapping program Bowtie
(Langmead et al., 2009). It can ﬁnd splice junctions without a ref-
erence annotation. Transcript abundance was estimated by Cuﬄinks
(Trapnell et al., 2013) guided by WBCell235 from EMBL and using
the following options: –library-norm-method, –multi-read-correct and
–frag-bias-correct, and signiﬁcantly differentially expressed genes
were identiﬁed by Cuffdiff (Trapnell et al., 2013) using an addition-
al parameter: –library-norm-method quartile (Robinson and Oshlack,
2010). Cuffdiff is a program from the Cuﬄinks package and aims
at ﬁnding signiﬁcant changes in transcript expression in consider-
ation of all possible annotated isoforms for a particular gene.
Transcripts with a signiﬁcant change between different conditions
(adjusted p-value < 0.01) were treated as a signature for each com-
parison (pathogenic/non-pathogenic BT, 6 h and 12 h). The log2
transformed fold-changes (pathogenic/non-pathogenic BT) were
taken as input for k-means cluster analysis using cluster 3.0 (de Hoon
et al., 2004) with 4 initial clusters. A heat map was generated by
TreeView version 1.1.4r3 (Saldanha, 2004).
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2.4. Gene ontology and gene set enrichment analysis
Gene ontology (GO) analysis was performed using GOrilla (Eden
et al., 2009) with a cutoff of FDR < 0.01. We additionally carried out
a gene set enrichment analysis, a widely used approach for assess-
ing the signiﬁcant overlap among gene lists, here the list of
signiﬁcantly differentially expressed genes from our study and those
from comparable published transcriptome data sets (Sherman and
Lempicki, 2009; Subramanian et al., 2005). This analysis was per-
formed with the approach implemented in the program EASE
(Hosack et al., 2003), a free, stand-alone software package from
DAVID bioinformatics resources (http://david.abcc.ncifcrf.gov/). EASE
measures the signiﬁcance of an overlap between two gene lists by
the one-tailed Fisher exact probability, which is calculated using
Gaussian hypergeometric probability distribution. As a reference,
we constructed a gene expression database from previously pub-
lished C. elegans transcriptome studies, which is thus more speciﬁc
to our model taxon than the conventionally used GO term refer-
ence base and should thus enhance the identiﬁcation of signiﬁcantly
enriched biological functions of direct relevance for this nema-
tode. For this database, we used the compilation of Engelmann et al.
(2011) as a starting point and added a large number of other pub-
lished transcriptomic data sets for C. elegans (see references in
Table S4). The resulting database included a total of 590 data sets
that cover a variety of conditions such as exposure to pathogens
and other stressors, starvation, different developmental stages, and
also analyses of mutants and RNAi-treated worms. Based on this
database, we performed the EASE analysis using an adjustment of
the critical signiﬁcance threshold through the Bonferroni ap-
proach in order to correct for multiple statistical testing (Hosack
et al., 2003).
3. Results
3.1. Concordances and differences between protein and mRNA
abundances in the C. elegans response to BT infection
The quantitative proteome analysis yielded a total of 288 out of
more than 3,600 quantiﬁed proteins with a signiﬁcant change in
abundance. Of these, 171 had higher and 117 had lower abun-
dance. GOrilla analysis identiﬁed several enriched GO terms for these
proteins (Fig. 1, Table S1). The most signiﬁcantly enriched GO term
is “structural constituent of cuticle” (FDR = 1.26E-17), which sug-
gests that the structure of the cuticle is modiﬁed in worms
challenged with BT. The second most signiﬁcant GO term is “car-
bohydrate binding” (FDR = 4.48E-7), which is caused by an
enrichment of differentially abundant galectins and C-type lectins
(see also below). We also observed an enrichment of the GO terms
“defense response” (FDR = 2.30E-3), which is based on differential
yields of the MAP kinase kinase MEK-1, the lysozymes LYS-1 and
LYS-2, the galectin LEC-8, and the C-type lectins CLEC-41 and CLEC-
62. Interestingly, the GO terms “extracellular region” and
“extracellular space” were also enriched, indicating that a set of se-
creted proteins may contribute to the defense against BT infection.
The complementary enrichment analysis with EASE (Table 1,
see supplementary Table S4 for reference information) revealed
Fig. 1. GO term enrichment analysis of proteins with signiﬁcant abundance changes. A total number of 288 unranked proteins with signiﬁcant abundance changes
in C. elegans after infection with MYBT18247, were taken as input for the GOrilla web-server. Top panel: Functional enrichment map; Bottom panel: a table of speciﬁc GO
terms including additional information about number of over-represented genes, enrichment score as well as adjusted pvalue (FDR). GO terms with a p-value < 1.0e-5
(FDR < 1.0e-2) are shown.
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signiﬁcant over-representation of gene sets, which were previ-
ously identiﬁed to be differentially transcribed upon C. elegans
exposure to the BT Cry5B toxin, the heavy metal cadmium (Huffman
et al., 2004), another nematocidal BT strain DB27 (Sinha et al.,
2012), and the BT strain NRRL B-18247. The latter is the ancestor
of the here usedMYBT18247 strain, towardwhich the transcriptomic
response was previously assessed in the three different worm
strains, N2, MY15, and MY18, using microarrays (Boehnisch et al.,
2011). Moreover, for the more abundant proteins, we observed
signiﬁcant over-representation of genes inﬂuenced by the DAF-2
insulin-like receptor (ILR) signaling pathway (Halaschek-Wiener
et al., 2005; McElwee et al., 2003; Murphy et al., 2003). This is
consistent with previous results on the role of the DAF-2/ILR pathway
in defense against BT (Hasshoff et al., 2007; Wang et al., 2012).
Taken together, these results demonstrate high concordance between
the proteomic data set and the results of previous transcriptomic
analyses on the C. elegans immune response to BT infection.
However, at a closer look we also found discrepancies between
proteomic and previous transcriptomic data sets. For example, only
21 out of the 171 and 5 out of the 117 proteins with higher and
lower amounts, respectively, after BT-challenge were also found in
the up-regulated or down-regulated gene groups of our previous
microarray-based gene transcription analysis of N2 worms exposed
to NRRL B-18247 (Boehnisch et al., 2011) (Table 1). These differ-
ences between the two studies might be due to different
experimental procedures. To improve comparability of the
transcriptome and proteome data sets, we here performed a BT in-
fection experiment with similar experimental conditions as in the
study of Treitz et al. (2015), using the same worm and pathogenic
BT strains and also the same analysis time point (12 h after initial
exposure) for RNA extraction. Two different dilutions of BT with E.
coli (1:2 and 1:10) were used, and another time point (6 h after initial
exposure) was added to evaluate the effect of pathogenicity and pro-
gress of infection. Moreover, transcriptomic variation was assessed
by RNA-Seq, a method which is usually assumed to provide a more
precise measurement of transcript levels than the previously used
microarray approach (Wang et al., 2009).
In contrast to the comparison with the previous microarray study
(Boehnisch et al., 2011), our new transcriptomic data yielded more
than 35% of differentially transcribed genes that were also ob-
served with different abundance at the protein level for all BT
concentrations and time points (Fig. 2A, Table S2), suggesting that
RNA-Seq indeed improves sensitivity. Fifty-eight of the genes are
up-regulated and 38 are down-regulated. More than 40% of the pro-
teins with consistent abundance changes fall into the top 400 highest
differentially transcribed genes (Fig. 2B), indicating that the most
pronounced changes in mRNA abundance are likely to translate into
differential protein amounts. The heatmap in Fig. 2C (see
supplementary Table S2 for further details) highlights the partial
correlation between protein and mRNA abundances (r = 0.51, 0.51,
0.40, and 0.42 for 6 h and 12 h and the 1:2 and 1:10 dilutions, re-
spectively, by Pearson’s correlation in R (Team, 2012)). Interestingly,
the correlations between protein abundances at 12 h after expo-
sure and mRNA abundances at 6 h and 12 h after exposure in our
study are nearly the same. Enrichment analysis using GOrilla on these
overlapping gene sets showed that the GO terms “carbohydrate
binding”, “defense response”, and “extracellular region” were en-
riched only for the genes and proteins with higher abundance, while
the GO term “metabolic process” was enriched for those with lower
abundance (see Table S3 for details). In contrast to the GO analysis
results for all proteins with abundance changes (Fig. 1), the GO term
“structural constituent of cuticle” was not signiﬁcantly enriched, in-
dicating that the change in cuticle structure is subject to post-
transcriptional regulation.
In addition to concordant expression patterns (either higher or
lower abundances at both protein and mRNA levels), the heatmap
also showed opposite patterns of mRNA and protein abundance
levels, and revealed also abundance changes restricted exclusively
to the protein level. The latter group includes more than half of
Table 1
Gene set enrichment analysis of proteins with signiﬁcant abundance changesa.
Set Gene sets Count Adjusted p-value
UP UP_Bt toxin,Cry5B 56 1.04E-45
UP_Cadmium 45 4.26E-28
UP_B. thuringiensis DB27 61 1.07E-18
Down_daf-16 mut 24 3.94E-10
UP_BT247 on MY15 18 5.53E-10
UP_BT247 on N2 21 1.11E-09
Down_daf-2 mut&RNAi 15 9.90E-05
UP_BT247 on MY18 12 7.79E-04
DOWN_daf-2 mut (Day 6) 13 7.05E-03
DOWN DOWN_BT247 on MY15 24 5.72E-17
DOWN_BT247 on MY18 21 6.25E-08
DOWN_Cadmium 17 1.58E-05
a The enrichment analysis was based on the 288 proteins with signiﬁcant abun-
dance changes upon pathogen exposure, using the program EASE and a C. elegans-
speciﬁc reference database, which contains custom gene lists taken from previously
published transcriptome studies generated under a variety of environmental con-
ditions, deﬁned nematode mutants, or developmental stages (see Table S4 for
references). A signiﬁcant overlap between the here inferred differentially ex-
pressed gene sets and the custom gene sets was assessed with a Fisher’s exact test
and Bonferroni-adjusted signiﬁcance levels to take account of multiple statistical
testing, as implemented in EASE. Abbreviations: UP, increased abundance; DOWN,
decreased abundance; mut, mutant.
Fig. 2. Overview of different patterns of transcript and protein level abundance
changes. This analysis is based on proteins and mRNAs with signiﬁcant abundance
changes. The latter were identiﬁed under adjusted p-value < 0.01 including only protein
encoding mRNAs. Two concentrations (Con., 1:2 and 1:10) and two time points (6 h
and 12 h) were analyzed in the transcriptional study. (A) Numbers of overlapping
signatures. (B) Distribution of proteins with abundance changes in ranked differ-
entially transcribed genes (ranked mRNAs). The number of proteins presented in
the ranked mRNAs is calculated by a sliding window of 400 with a step of 40. (C)
Heatmap of abundance changes at mRNA and protein levels. Signatures are orga-
nized by hierarchical clustering under uncentered correlation by Cluster 3.0. “Pro.”
indicates proteomics data in the left column.
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the proteins with signiﬁcant abundance changes, indicating that
the nematode’s immune response to BT is inﬂuenced by post-
transcriptional mechanisms.
3.2. C-type lectin domain-containing proteins (CTLDs) show
consistent abundance changes at both protein and mRNA levels
The quantitative proteome data highlighted CTLDs as one of the
highly responsive protein groups. In particular, the abundance of
ten CTLDs was found to be altered upon bacterial challenge (Treitz
et al., 2015). Eight of these also show a similar expression pattern
at mRNA level (Fig. 3, left panel). The high concordance of CTLD
protein and mRNA abundances strongly suggests their direct
transcriptional regulation. Consistent with this idea, seven of the
ten CTLDs are jointly regulated by central signaling cascades of the
C. elegans immune system, such as the TGF-β (Mochii et al., 1999),
p38 MAPK (Troemel et al., 2006), or DAF-2/ILR pathways
(Halaschek-Wiener et al., 2005; McElwee et al., 2004) (Fig. 3 right
panel). Moreover, all of them are expressed in the intestine (Stein
et al., 2001) (Fig. 3 right panel), where most bacterial infections take
place in C. elegans. These ﬁndings support a direct involvement of
CTLDs in the inducible immune response against BT.
3.3. Unique proteome signatures reveal new candidate regulators of
the nematode immune response
Asmentioned above, approximately half of the proteins with dif-
ferent abundances after BT challenge do not show signiﬁcant
variations at the corresponding transcript level, indicating that they
undergo some kind of post-transcriptional modiﬁcation. To further
assess the latter effects, we deﬁned a set of 112 proteins (80 and
32 with higher or lower amounts, respectively), which all either pro-
duced a negative correlation with gene expression at the transcript
level or an mRNA fold-change of less than 1.2 in at least three out
of four conditions (from the two time points and two concentra-
tions; see supplementary Table S2 for details). This protein set was
subsequently subjected to enrichment analysis. GOrilla revealed an
enrichment of the GO term “cytoskeleton” for the proteins with in-
creased abundance (Fig. 4), indicating that BT infection has an impact
on the cytoskeleton structure of cells, which is only realized after
transcription. Moreover, the GO term “structural constituent of
cuticle” was enriched for proteins with decreased abundance (Fig. 4),
consistent with our GOrilla analysis of the whole proteomic data
set.
EASE analysis identiﬁed 3 and 11 (p-value <0.01) gene sets
enriched for proteins with higher or lower amounts, respectively.
Surprisingly, none of the enriched groups were also among the
over-represented gene sets identiﬁed by the EASE analysis on all
of the proteins with signiﬁcant abundance changes (Table 1),
indicating that these gene sets are indeed distinct. Most of the
enriched gene categories were inferred from previous transcriptomic
analysis of worms, in which a speciﬁc gene was mutated or its
expression down-regulated by RNAi (Table 2). Although some of
these genes have been implicated in C. elegans pathogen-defense
before (e.g., dcr-1 (Iatsenko et al., 2013) xbp-1 (Richardson et al.,
2010), osm-11 (Pujol et al., 2008) or nhr-23 (Sahu et al., 2012)), others
have not yet been linked to worm immunity andmay thus represent
novel regulatory genes. These sets include genes that function in
multiple cellular processes, such as metabolic processes (crh-1 and
aak-2), development (lin-35, tom-1, and lin-14), RNA interference
(alg-1), membrane fusion (fer-1), and cell migration (unc-62), while
others function in sensory neurons (tax-6), and encode a C. elegans
heterochromatin protein (hpl-1) (please see the Table S4 for
references information).
4. Discussion
We here provide one of the very few studies that compare a
transcriptomic with a proteomic response to pathogen infection
(Encinas et al., 2010; Ragno et al., 2001). Using the nematode C.
elegans and nematocidal BT as a model system, we show both con-
cordances and differences between these two levels. Our analysis
reveals that the abundance of several CTLD genes changes consis-
tently across both levels, supporting a role of CTLDs as directly
activated components of the C. elegans immune response.We further
identiﬁed a unique set of proteins, whose abundances only changed
at the proteome level, suggesting post-transcriptional modiﬁca-
tions. This set is enriched in proteins, which are involved in
cytoskeleton structuring and which are regulated by a number of
genes, some of which are possibly novel immune regulators and/
or targets of pathogenic BT manipulation.
Fig. 3. Abundance changes of C-type lectin domain-containing genes and proteins
(CTLDs). Eight out of ten CTLDs show similar regulation at mRNA and protein level
(left panel). Seven of them are regulated by three common immune pathways (right
panel). “Pro.” denotes the proteomic data in the left column.
Table 2
Gene set enrichment analysis of unique proteomic signaturesa.
Set Gene sets Count Adjusted p-value
UP UP_dcr-1 mut 19 1.64E-05
UP_lin-35 mut 20 1.84E-05
UP_osm-11 mut 9 7.99E-03
DOWN Down_ xbp-1 mut 13 6.93E-15
UP_ hpl-1 mut 15 5.33E-12
DOWN_nhr-23 RNAi 11 3.85E-10
DOWN_crh-1 mut 13 9.49E-10
UP_alg-1 mut 13 3.04E-09
DOWN_tom-1 mut 9 1.71E-07
DOWN_lin-14 mut 9 3.18E-06
DOWN_aak-2 oe 8 1.11E-04
DOWN_tax-6 mut 11 1.27E-04
Down_fer-1 mut 7 1.23E-03
UP_unc-62 RNAi 5 9.30E-03
a The enrichment analysis was focused on the set of 112 proteins with signiﬁ-
cant differential expression at the protein level only, and thus without a corresponding
differential expression at mRNA level. The analysis was based on the program EASE
and a C. elegans-speciﬁc reference database (see legend of Table 1 and Table S4 for
references). Abbreviations: UP, increased abundance; DOWN, decreased abun-
dance; mut, mutant; oe, overexpressed.
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In detail, our study revealed four patterns for the relationship
between transcriptomic and proteomic changes: (1) positively cor-
related abundances of mRNAs and proteins, (2) negatively correlated
abundances of mRNAs and proteins, (3) unique abundance changes
at the mRNA level, and (4) unique abundance changes in protein
amounts. Thus, only some of the differentially expressed genes are
also found among the proteins with signiﬁcant abundance changes,
which is consistent with previous studies (Encinas et al., 2010; Ragno
et al., 2001). We observed that differentially expressed genes with
a higher fold-change were more likely to be represented at the
protein level (more than 40% of the proteins with abundance changes
are among the top 400 highest differentially transcribed genes). There
are three possible non-exclusive explanations for this observa-
tion: (i) Transcripts with higher fold-change are more reliable
indicators for a change in gene expression, and therefore the cor-
responding proteins are especially those that can be recovered at
the proteome level. Transcript abundance variations at lower
fold-change are in this case likely dominated by artifacts. This would
alsomean that candidate genes, which are identiﬁed in transcriptome
studies and then chosen for further functional analyses, should come
from the top regulated genes. (ii) Only transcripts at high fold-
change translate directly into proteins at the same or at least close
time points, whereas transcripts at lower fold-change may then be
translated less immediately or not at all. (iii) Technical resolution
at the proteome level is much more constrained, resulting in iden-
tiﬁcation of only those proteins with high abundance differences,
which is then also reﬂected at high fold-change at the transcript
level. We indeed noticed a much lower proteome coverage than
transcriptome coverage. The raw data generated by the proteomic
analysis included only about 3,600 proteins, possibly indicating that
only a small fraction of the total proteome could be analyzed.
However, further distinction between the above three alternatives
is currently not possible and clearly warrants further investiga-
tion. For this reason, our more detailed enrichment analysis also
Fig. 4. Functional annotation of unique proteomic signatures. Eighty proteins with increased and 32 proteins with decreased abundance were taken as input for the GOrilla
web-server. Top panel: Functional enrichment map; the left two maps refer to the proteins with higher abundance, the right map to those with lower abundance. Bottom
panel: table with speciﬁc GO terms and additional information. GO terms with a p-value < 1.0e-5 (FDR < 1.0e-2) are shown.
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ignored the pattern (3), for which only transcripts varied in abun-
dance, but not proteins, especially as the higher responsiveness at
the transcript level could in this case be explained by a high degree
of noise in the data.
For pattern (1), we ﬁnd a convincing overlap among previous
studies on the transcriptomic response of C. elegans to BT, our
new RNA-Seq data, and the results of the proteome study. This
overlap suggests that there is a robust worm response to BT expo-
sure that can be consistently identiﬁed across mRNA and protein
levels. A strong signal for this overlap comes from carbohydrate
binding, mainly due to differential expression of CTLD genes. More
precisely, we observed a highly consistent change in abundance of
C. elegans genes encoding CTLDs at the mRNA and protein level
and identiﬁed eight CTLDs, which are all localized in the C. elegans
intestine, and of which seven are potentially regulated by known
nematode immunity pathways. With the exception of clec-1, these
CTLD genes have previously been shown to be up-regulated at the
mRNA level after exposure to at least one other pathogen
(Schulenburg et al., 2008). However, only clec-65 has previously
been examined in a functional genetic analysis, demonstrating
that the gene’s knock-down by RNAi increased susceptibility to
the pathogenic E. coli strain LF82 (Simonsen et al., 2011). CTLDs
contain carbohydrate-recognition domains (CRDs) that are homol-
ogous to the CRDs in the animal C-type (Ca2+-dependent) lectin
family. CTLDs mediate a variety of protein–carbohydrate interac-
tions in the vertebrate immune system, functioning as PRRs or
antimicrobial effector proteins (Janeway and Medzhitov, 2002;
Mukherjee et al., 2013; Weis et al., 1998). For example, dectin-1
and dectin-2 mediate the response against fungi by recognizing
and binding β-glucans (Brown and Gordon, 2001) and α-mannans
(Saijo et al., 2010), respectively. DC-SIGN is a receptor for Schisto-
soma mansoni egg antigens, binding to the glycan antigen Lewis x
(van Die et al., 2003). In C. elegans, genes encoding CTLDs are
differentially expressed at the mRNA level after infection with
various pathogens (Schulenburg et al., 2008), and the function of
several of these has been tested by using the respective mutants,
RNAi knock-down or over-expression, including clec-17, clec-60,
clec-61, clec-70, and clec-71 (Irazoqui et al., 2010; O’Rourke et al.,
2006). Increased protein amounts of CLEC-63 have been found
after C. elegans exposure to the Gram-negative bacterium Aeromonas
hydrophila (Bogaerts et al., 2010) and the E. coli strain LF82, in this
case together with CLEC-65 and CLEC-85 (Simonsen et al., 2011).
Interestingly, the clec-63 and clec-85 genes showed no-change at
the mRNA level after infection with E. coli LF82. Overall, these
observations suggest that CTLDs play an important role in host
defense to BT infection andmight also be regulated by yet unknown
post-transcriptional mechanisms.
Post-transcriptional modiﬁcation, post-translational changes, and
other processes that act after transcription produce changes at the
protein level that are not directly correlated with mRNA abun-
dances and are thus indicated by negative correlation between
protein and mRNA changes (pattern 2), as well as abundance dif-
ferences at the protein level only (pattern 4). To investigate the role
of such mechanisms in regulating the immune response, we com-
bined the proteins from patterns (2) and (4) and used them as unique
signatures at the protein level. Our enrichment analysis on these
unique signatures identiﬁed the GO term “cytoskeleton” to be over-
represented among these proteins, but not among the genes that
showed a consistent regulation at mRNA and protein levels. It is well
known that pathogen infection induces the reorganization of the
cytoskeleton, which is critical for the immune defense (Bhavsar et al.,
2007; Dramsi and Cossart, 1998). A similar enrichment of cyto-
skeleton proteins was also found in a proteomic study in Zebraﬁsh
infected with viral hemorrhagic septicemia virus (VHSV) (Encinas
et al., 2010), possibly indicating a general cytoskeleton response
toward pathogens (Dustin and Cooper, 2000), and/or that BT and
VHSV pathogens manipulate the skeleton structure. Among the
unique protein set with decreased abundance, we observed an en-
richment for the GO term “cuticle structure”. As BT infects C. elegans
orally and the infection takes place in the intestine, where BT crystal
toxins lead to damage of the intestinal epithelium, this result is sur-
prising. It might, however, indicate that upon BT exposure, the cuticle
is modulated either by the host or by the pathogen irrespective of
the site of infection.
In addition, for this group of proteins with unique abundance
changes, the worm-speciﬁc enrichment analysis with the EASE
approach and our custom database identiﬁed several genes that
might regulate the immune response to BT, including previously
known regulators of C. elegans immunity as well as new candidate
immune regulators. Among the proteins with decreased abundance,
we observed a signiﬁcant enrichment of xbp-1 and nhr-23 regulated
gene sets. xbp-1, encoding a bZIP transcription factor that is required
for the unfolded protein response (UPR), has previously been shown
to be important for the protection of C. elegans against exposure to
the BT Cry5B toxin (Bischof et al., 2008), and also for the
maintenance of endoplasmic reticulum homeostasis during infection
with Pseudomonas aeruginosa (Richardson et al., 2010). nhr-23,
encoding a nuclear hormone receptor, is known to contribute to C.
elegans resistance to Vibrio cholerae cytolysin (Sahu et al., 2012).
Among the proteins with increased abundance, we furthermore
found an enrichment of dcr-1 and osm-11 regulated genes. dcr-1,
an endoribonuclease that is required for RNA interference, has been
identiﬁed as a negative regulator of the C. elegans immune response
to the B. thuringiensis strain DB27 (Iatsenko et al., 2013). osm-11
encodes a Notch ligand functioning among others in the C. elegans
response to osmotic stress and has been shown to negatively
regulate the expression of the epidermal antimicrobial peptide gene
nlp-29 (Pujol et al., 2008). The identiﬁcation of these known C.
elegans immune regulators conﬁrms that the unique proteomic
signature set includes proteins that exhibit essential functions in
C. elegans immunity.
Moreover, we identiﬁed new candidate immune regulators
within the unique proteome signature set. Perhaps the most
interesting candidates are crh-1 and aak-2, which are both enriched
among the down-regulated proteins and which are both linked to
adenosine monophosphate (AMP). While crh-1 encodes a homolog
of the cyclic AMP-response element binding protein (CREB), aak-2
encodes one of two C. elegans homologs of the catalytic alpha
subunit of AMP-activated protein kinases (AMPKs), which is
responsive to the AMP/ATP ratio within cells and, interestingly, is
known to link energy levels to DAF-2/ILR signaling in worms (Apfeld
et al., 2004). As DAF-2/ILR signaling regulates the C. elegans response
to BT (Hasshoff et al., 2007; Wang et al., 2012), aak-2 might play a
role in integrating information fromDAF-2 signaling on the one hand
and from endogenous stress signals (AMP/ATP ratio) generated
during BT infection on the other hand. Indeed, food intake in BT
infected worms is heavily impeded in the intestine due to the
damage of the epithelium by BT toxins and in general by a reduction
of ingestion as part of the behavioral defense response of the worm
(Hasshoff et al., 2007; Schulenburg and Müller, 2004). The decline
in food intake may result in reduced energy availability and
increasing AMP levels, which in turn could activate AMPKs like
AAK-2. In summary, the unique proteomic signatures provide new
insights into the C. elegans immune response to BT infection and
reveal aak-2 as a new candidate mediator of host defense.
To conclude, the combination of transcriptomic with proteomic
analyses of the host response to infection has the power to uncover
new candidate mediators and regulators of the immune response.
Finally, we propose that AMPKs are new regulators of the immune
response to infectionwith BT and possibly other pathogens. However,
the exact role of AMPKs in immunity needs to be conﬁrmed by func-
tional analyses in the future.
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